ABSTRACT Amblyomma americanum (L.), the lone star tick, is an aggressive ixodid tick that has been implicated as a vector for several bacteria. Among these bacteria are the disease agents Ehrlichia chaffeensis and Ehrlichia ewingii, and the putative disease agent "Borrelia lonestari." The hypothesis in this study was that wild lone star ticks from northeastern Georgia are capable of transmitting all three agents to white-tailed deer, Odocoileus virginianus, a known reservoir host for E. chaffeensis. In this study, transmission of all three agents from wild caught lone star ticks to captive reared whitetailed deer was demonstrated by polymerase chain reaction (PCR), culture, or serology. Two of three deer showed evidence of E. chaffeensis and E. ewingii infection by polymerase chain reaction assay; all three deer showed evidence of B. lonestari by PCR assay. E. chaffeensis was isolated in culture from both PCR-positive deer on multiple days. All three deer seroconverted to E. chaffeensis, whereas one deer seroconverted to B. lonestari. This study supports the role of lone star ticks and white-tailed deer as a vector and reservoir host for E. chaffeensis and E. ewingii and suggests for the Þrst time, transmission of B. lonestari from lone star ticks to white-tailed deer.
Ticks are ideal vectors for pathogens, being relatively long-lived, and feeding for extended periods on a variety of hosts, including humans. The lone star tick, Amblyomma americanum (L.), is an aggressive ixodid tick that is now implicated as a vector for numerous disease agents. Immature lone star ticks are parasitic on birds and medium-to-large mammals such as rabbits, raccoons, and white-tailed deer, Odocoileus virginianus. Small mammals are rarely hosts. Adult stages are most commonly found on white-tailed deer, but they also may be found on raccoons, coyotes, and other medium-to-large mammals as well as wild turkeys (Kollars et al. 2000) . All stages of lone star ticks will feed on humans (Felz et al. 1996, Merten and . Lone star ticks are widely distributed throughout the southeastern and south central United States, although there have been reports as far north as Maine (Keirans and Lacombe 1998) . The geographic distribution of the disease agents associated with lone star ticks correlates with the location of ticks, being also predominantly found in the southern United States. Among the disease agents transmitted by lone star ticks are Fransicella tularensis, Ehrlichia chaffeensis, and Ehrlichia ewingii. Other bacteria associated with lone star ticks include the putative disease agent "Borrelia lonestari" (Childs and Paddock 2003) . Finally, these ticks may have been involved in the outbreak of "Bullis fever" that occurred in 1942 at Camp Bullis, TX (Woodland et al. 1943) .
Ehrlichia chaffeensis, an obligate intracellular bacterium that invades monocytes, is the causative agent of human monocytic ehrlichiosis (HME). Dawson et al. (1994a) detected antibodies to E. chaffeensis in white-tailed deer and were subsequently able to experimentally infect white-tailed deer with the organism (Dawson et al. 1994b) , identifying white-tailed deer as a reservoir host. Subsequently, Ewing et al. (1995) demonstrated tick transmission to white-tailed deer by using polymerase chain reaction (PCR) and serology, but they were unable to isolate the organism from deer.
Ehrlichia ewingii causes ehrlichiosis in both dogs and humans. This disease agent is also intracellular but, unlike E. chaffeensis, E. ewingii invades granulocytic cells, primarily neutrophils (Buller et al. 1999) . Anziani et al. (1990) experimentally demonstrated transmission of E. ewingii to dogs by lone star ticks, by using serology and clinical signs to verify infection. E. ewingii also has been detected in wild lone star ticks from North Carolina (Wolf et al. 2000) , Missouri (Steiert and Gilfoy 2002) , and Oklahoma (Murphy et al. 1998) , providing evidence that this tick likely serves as the vector, although Murphy et al. (1998) also detected organism in small numbers of Rhipicephalus sanguineus and Dermacentor variabilis. Infection has been detected in white-tailed deer by PCR, and deer have been experimentally infected by injection of blood from wild deer (Yabsley et al. 2002) . These Þndings suggest that the white-tailed deer is a reservoir host for E. ewingii.
B. lonestari was Þrst identiÞed using molecular characterization of the organism in ticks from Texas, New Jersey, and New York in 1996 (Barbour et al. 1996) . Since that time, evidence of B. lonestari has been found in lone star ticks throughout the geographic range of the ticks (Armstrong et al. 1996 , Burkot et al. 2001 , Stegall-Faulk et al. 2003 , Clark 2004 , Schulze et al. 2005 . Varela et al. (2004a) successfully cultured the Þrst isolate of B. lonestari from lone star ticks in 2004. White-tailed deer are a suspected reservoir host as the organism also has been detected in wild deer from the southeastern United States and white-tailed deer have been experimentally infected with B. lonestari , Moyer et al. 2006 (Varela et al. 2004b ). Consequently, it was hypothesized that ticks from this area would be capable of transmitting all three bacteria to white-tailed deer. This study lends support to the role of lone star ticks and white-tailed deer as vector and reservoir hosts for E. chaffeensis and E. ewingii, and it provides evidence of transmission of B. lonestari from lone star ticks to white-tailed deer.
Materials and Methods
Tick Collections. Using dry ice (CO 2 ) traps, 1,750 total adult wild lone star ticks were collected from Whitehall Experimental Forest, an 800-acre forest owned by the University of Georgia and maintained by the Warnell School of Forest Resources, in northeastern Georgia, during March and April 2005. Ticks were maintained at 94% humidity in chambers containing saturated potassium nitrate and were used Ϸ5 mo later for feeding on white-tailed deer. Seventy of the ticks that were collected were tested by PCR for E. ewingii, E. chaffeensis, and B. lonestari within 2 mo of collection.
Transmission Feeding. Three neonatal white-tailed deer fawns were obtained from a captive deer herd that is maintained at Whitehall Experimental Forest. Fawns were reared in tick-free facilities in summer 2005. Whole blood was collected from deer 10 days before the placement of ticks to test for E. chaffeensis, E. ewingii, Anaplasma sp. of white-tailed deer, Anaplasma phagocytophilum, Bartonella spp., and B. lonestari by PCR assay. Serum also was collected at that time and was tested for the presence of antibodies to E. chaffeensis, A. phagocytophilum, and B. lonestari. All deer were negative for DNA of these organisms and for antibodies to E. chaffeensis, A. phagocytophilum, and B. lonestari. All deer were handled within approved guidelines set forth by the Institutional Animal Care and Use Committee at the University of Georgia. At Ϸ3 mo of age, deer were weaned and were entered into the trial.
Three hundred ticks (175 females and 125 males) were placed in feeding chambers attached to the backs of each of three deer. Chambers were removed 12 d later to recover ticks for PCR testing. Male ticks from each deer were pooled, making groups of nine or 12; because of their larger size in the engorged state, female ticks were tested individually. Blood was collected from deer three times weekly from the initial placement of chambers until day 33 postplacement (DPP) of ticks, and then the deer were euthanized and necropsied. Whole blood and serum were used for the detection of E. chaffeensis, E. ewingii, and B. lonestari infection by PCR, serology, and culture isolation. Blood smears were made on each sample day to look for spirochetes by Giemsa or acridine orange staining.
Polymerase Chain Reaction. DNA was extracted from 100 l of EDTA anticoagulated whole blood by using a GFX Genomic Blood DNA PuriÞcation kit (GE Healthcare, Little Chalforn, Buckinghamshire, United Kingdom) and was eluted in 75 l of molecular grade biological water (Fisher, Suwanee, GA). The method of extraction for ticks depended on their condition. Nymphs or adult female ticks that were engorged were crushed using a pestle in a 1.5-ml microfuge tube in 500 l of extraction solution with the remainder of the GFX extraction followed according to the manufacturerÕs protocol. DNA was eluted in 75 l of molecular grade biological water. Male adult ticks were individually dissected using sterile no. 11 scalpel blades (using a new blade for each tick). Tissues, including midgut and salivary glands, were removed and pooled in 130 l of phosphate buffered saline (PBS), pH 7.4. A 50-l sample of this slurry was used in the GFX extraction protocol, and the protocol was followed according to the manufacturerÕs instructions, with DNA eluted as described above.
Extracted DNA was used to test for the presence of E. chaffeensis, E. ewingii, and B. lonestari DNA. A nested PCR assay was used to detect a DNA fragment from the variable length PCR target (VLPT) gene of E. chaffeensis. Primers FB5A and FB3A were used in the primary reaction, and FB5 and FB3 in the secondary reaction. In addition, primers ECC and ECB in the primary reaction, and HE1 and HE3 in the secondary reaction were used in a nested PCR assay to detect a 389-bp fragment of the 16S rRNA gene of E. chaffeensis. A nested PCR was used to amplify a 407-bp fragment of the 16S rRNA gene of E. ewingii by using primers ECC and ECB in the primary reaction and EE72 and HE3 in the secondary reaction. Finally, a nested PCR was used to detect a 330 Ð333-bp product from the flaB gene present in B. lonestari by using primers FLALL and FLARL in the primary reaction and primers FLALS and FLARS in the secondary reaction. Reaction conditions and primer sequences have been described previously (Dawson et al. 1994b , May 2007 VARELA-STOKES: TRANSMISSION OF AGENTS TO WHITE-TAILED DEER Yabsley et al. 2002 , Varela et al. 2005 , Varela-Stokes et al. 2006 . Real-Time PCR. Real-time PCR was carried out using the Light Upon eXtension (LUX) system (Invitrogen, Carlsbad, CA). The ßuorogenic reverse primer, labeled with 5-carboxyßuorescein (FAM), and the corresponding unlabeled forward primer, were designed using the LUX Designer software. The sequences of the primers were Echaff 16S_272RL 5Ј GACGATTTCCAGTGTGGCTGATCGTC 3Ј and E chaff 16S_255F 5Ј TGGCTTACCAAGGCTATGATCT 3Ј with a 64-bp long product. Reactions were carried out in 25-l volumes by using 12.5 l of 2X Platinum Quantitative PCR Supermix UDG (Invitrogen), 0.5 l of each primer (Þnal concentration 200 nM), 0.5 l of ROX reference dye (Invitrogen), 6 l of molecular grade biological water, and 5 l of DNA template. The ROX reference dye was diluted 1:10 before adding to the master mix. DNA template was extracted from blood samples as described above. A Stratagene Mx3000P (Stratagene, La Jolla, CA) was used with reaction conditions as follows: 50ЊC for 2 min, 95ЊC for 2 min, followed by 40 cycles of 95ЊC for 15 s, 60ЊC for 30 s, and 72ЊC for 30 s. This was followed by 95ЊC for 1 min and melting curve analysis (55ЊC for 30 s and 95ЊC for 30 s with data acquired for all temperature points). The FAM channel was used to detect ßuo-rescence. All samples were tested in duplicate and on at least two separate occasions.
For standards, a known concentration of E. chaffeensis DH82-infected cells (50 cells/l) was used to make serial dilutions. The concentration of infected cells was determined by harvesting a ßask of E. chaffeensis-infected DH82 cells, counting the total number of cells by using a hemacytometer, and determining the percentage of infected cells by staining a cytospin of the harvested cells. These were used as standards, because it was thought they would more realistically reßect the number of infected cells in a sample, although infected DH82 cells would likely have more morulae than naturally infected monocytes.
Serology. To determine antibody titers, an indirect ßuorescent antibody test with antigen from culture grown E. chaffeensis in DH82 cells (Dawson et al. 1991) and B. lonestari in ISE6 (tick) cells was used. Brießy, 1 drop (Ϸ40 l) of antigen was placed on each well of a 12-well Cel-Line slide (Erie ScientiÞc Co., Portsmouth, NH) and allowed to dry. Slides were frozen at Ϫ80ЊC until use and then Þxed in cold acetone for 15 min before application of serum. Sera from DPP 0, 3, 7, 12, 17, 21, 28, and 31 were screened at a concentration of 1:64, and positive samples were tested at two-fold dilutions. Diluted serum was placed on wells and allowed to incubate at 37ЊC for 25 min and then placed in copelin jars with PBS for 5 min two times and in deionized water for 5 min one time. After drying, a 1:30 dilution of ßuorescein isothiocyanatelabeled rabbit anti-deer was used to detect E. chaffeensis and B. lonestari. Slides were incubated with the labeled antibodies at 37ЊC for 25 min and then washed as was done previously, however, for the last wash, Erichrome Black T was added as a counterstain to decrease background ßuorescence. Slides were visualized under ßuorescent microscopy. Titers are reported as the inverse of the last dilution of serum that was positive. Positive (deer serum known to be positive by experimental infection) and negative (deer serum previously tested and known to be negative for speciÞc antibodies to these organisms) controls were included for each slide.
Culture Isolation. For isolation of E. chaffeensis in culture, 5Ð7 ml of EDTA anticoagulated blood was aseptically collected from deer twice weekly. Red blood cells were lysed and white-blood cells were inoculated, as described previously, onto a monolayer of DH82 cells . Cultures were maintained for 45 d or until evidence of cytopathic effect, at which point cultures were harvested by scraping off cells. Cytospins were prepared and stained with Dif Quik (Dade Diagnostics, Aguada, PR) to conÞrm results.
Results

Prevalence of Organisms in Wild
Ticks. E. chaffeensis DNA was detected in 1.4% of ticks (using the 16S rRNA gene target), E. ewingii DNA was detected in 2.9% of the ticks, and B. lonestari DNA was not detected in any of the 70 wild ticks tested. Thus, it was anticipated that, of the 300 lone star ticks placed on each of the three individual deer, 4.2 would be positive for E. chaffeensis, 8.7 would be positive for E. ewingii, and no ticks would be positive for B. lonestari. The single tick positive for E. chaffeensis was tested by PCR assay of the VLPT gene and was found to have four repeats in that gene.
Detection of Infection in Deer.
One deer became infected with all three organisms, whereas the two other deer became infected with two of the organisms as detected by PCR assay (Table 1 ). E. chaffeensis was isolated from both PCR positive deer up to seven times. Five VLPT repeats were detected for E. chaffeensis from both of these deer. Although B. lonestari was not isolated from any deer, samples from cultures were PCR positive for the organism on two culture days. Samples also were PCR positive for E. ewingii for two deer (data not shown); however, live organisms were not cultured. B. lonestari spirochetes were not seen in blood smears that were stained with Giemsa or acridine orange. All three deer were seropositive for E. chaffeensis antibodies by DPP 28, with one deer having an antibody titer of 256. One deer developed antibodies to B. lonestari, with a peak of 128 on DPI 21 and 28.
Detection of Organisms in Fed Ticks. Interestingly, engorged female ticks recovered from all three deer showed evidence of B. lonestari, and none were PCR positive for E. ewingii (Table 2) . Only male ticks recovered from deer number 20 had evidence of any organisms by PCR assay, although more male ticks were tested from this deer. Twenty-four male ticks were tested in two pools of 12 from deer number 20, one pool of 12 male ticks was tested from deer number 21, and one pool of nine male ticks was tested from deer number 22.
Real-Time PCR. The peak level of E. chaffeensis in deer occurred on DPP 28, at a level of bacteria that was equivalent to 1.3 infected DH82 cells per 1 ml of blood based on infected DH82 cell standards. Because the number of morulae within infected DH82 cells is likely higher than in infected deer monocytes, the standards do not accurately reßect the amount of organism in infected deer cells and likely overestimate it. So, it may be more accurate to interpret this as the total level of bacteria within any number of infected cells present in 1 ml of blood.
Discussion
The results of this study demonstrate the transmission of E. chaffeensis and suggest transmission of E. ewingii and B. lonestari to white-tailed deer by wild lone star ticks. The cultivation of E. chaffeensis from infected deer demonstrates that organism was viable and conÞrmed transmission. Detection of E. ewingii by PCR assay in two deer is the Þrst molecular evidence of transmission of this organism from lone star ticks to white-tailed deer. Serology was not available as this organism has not yet been isolated in culture, but it is possible that there may have been cross-reaction with the E. chaffeensis IFA for antibodies. Despite the negative PCR results for B. lonestari in the unfed wild ticks, this organism was transmitted to all deer, as seen by PCR detection in whole blood from deer. In addition, engorged ticks removed from all deer had evidence of B. lonestari. It is more likely that the organism was transmitted from ticks to deer than deer to ticks because deer tested negative by PCR and serology for evidence of infection of B. lonestari 10 d before the study and on day 0 of the study. Thus, PCR assay of unfed adult ticks apparently underestimated the actual infection status of the ticks. This may have been due to the small size of the sample of ticks tested. In addition, levels of B. burgdorferi spirochetes in Silva and Fikrig 1995, Piesman and Schneider 2002) . A similar phenomenon may have occurred with adult lone star ticks, allowing undetectable levels of B. lonestari in unfed adult ticks to be detected after increasing while feeding on the host. Attempts to isolate B. lonestari were unsuccessful; but unfortunately, few attempts were made due to a limited availability of tick cell cultures. Although organism was detected in two cultures by PCR assay, no organisms were observed by microscopy. It is possible that spirochetes in blood inoculated into cultures did not survive the culture conditions. B. lonestari has been reisolated in experimentally infected deer by using the same methods; however, this occurred only three times over the course of an infection of two deer (Moyer et al. 2006) . Fed ticks, removed from deer, had evidence of E. chaffeensis and B. lonestari, but not E. ewingii, despite two deer being infected. Because not all ticks were assayed, this may simply reßect the sample of ticks tested. Alternatively, deer may have had a latent infection with E. ewingii that was not detected when deer were screened before the study, or this may imply that deer are not competent transmission reservoirs for this agent. Real-time PCR demonstrated a peak rickettsemia for E. chaffeensis on DPP 28. This peak occurred later in the infection compared with deer needle inoculated with E. chaffeensis, which have a peak in rickettsemia at DPP 14 at a level of bacteria in 7.4 infected DH82 cells per 1 ml of blood (our unpublished data). Apparently, needle inoculated deer reach Ϸ6 times the level of circulating organism earlier in the course of infection. This may be due to a greater amount of E. chaffeensis in the inoculum, the more rapid route of inoculation into the bloodstream via needle injection compared with tick transmission, or both.
A. americanum transmits a number of agents known or suspected to cause disease, and white-tailed deer are ideal reservoir hosts because all stages will feed on deer. Apart from two studies (Anziani et al. 1990 , Ewing et al. 1995 , the transmission of E. ewingii and E. chaffeensis from lone star ticks to a vertebrate host has been largely based on circumstantial evidence. Furthermore, although these two studies intended to demonstrate transmission by lone star tick nymphs or adults, Anziani et al. (1990) lacked PCR and culture conÞrmation, and Ewing et al. (1995) lacked culture conÞrmation, both being mostly dependent on seroconversion. The association of lone star ticks with B. lonestari has been largely based on molecular detection of organism in ticks and the culture isolation of organism from lone star ticks. Transmission of B. lonestari from ticks to a vertebrate host had not been demonstrated until this study. Here, results that suggest tick transmission occurred, incriminate lone star ticks as suitable vectors, support white-tailed deer as reservoir hosts, and improve our understanding of the natural history of these bacteria.
